The vertical distribution of precipitation charge in snow clouds was measured with electric charge sondes in the winter of 1976 in Sapporo.
The following results were obtained. 1. In the case of stratiform snow clouds which included no graupel pellets, the precipitation was composed of negatively charged snow crystals. Their negative electrification is considered to be made by the selective ion capture processes.
2. It was confirmed that the strong positive space charge observed in the lower portion or below the cloud base was carried by positively charged graupel pellets.
The pellets are considered to be positively charged by colliding with unrimed snow crystals at temperature regions warmer than about -10*. 3. The local alternative space charges due to charged precipitation particles were observed.
They corresponded to the rapid alternative change in the surface electric field.
Introduction
As described in the previous paper (Magono et al., 1983) , the electrical structure of snow clouds was observed with various kinds of methods, which were related to the physical precipitation properties of the clouds. However the electric charge on individual precipitation particles in the clouds were measure with satisfaction in only a few cases, and the cause for this was found essentially to be in the defective characteristics of the electric charge sondes of 400MHz cycle which were used, although the precipitation particles were considered to be principal charge carriers in the clouds. Accordingly one of the authors undertook to improve the electric charge sondes, by adopting the cycle of 1680MHz as the carrier wave for the sondes, and he achieved the improvement in 1975. Hence the measurement of precipitation charge in snow clouds was preferentially made in the winter of 1976. The results will be described below.
Observation method
2.1 Defects of the previous electric charge sondes The electric charge sondes which were hitherto used by the authors had the following substantial defects.
a. In the system of 400MHz carrier waves with a Yagi antenna, it was impossible to remove noise impulses which had a comparable magnitude with the information p ulses of charged snow particles. b. Information pulses could not be received when the height of sondes exceeded 3km. Takahashi (1965) had already designed electric charge sondes and used them practically in the measurement of charge on individual precipitation particles. However, his sondes were heavy, and it became difficult in our country to obtain such high input impedance sub-miniture tubes as used in his sondes, so our endeavour was pointed to the transistorization of electric circuit in the sondes. As a result it became possible to make the sondes much smaller and lighter.
Construction of improved electric charge sondes
The construction of the improved sondes is substantially the same as that of Takahashi (1965) . The improved electric charge sondes are composed of a metallic measuring cylinder, a Faraday cage and a transmitter system. The vertical cross section of the sondes is shown in Fig. 1 . A charged snow particle falls, through two inlet holes, onto a receiving plate at the bottom of the Faraday cage which is insulated with high resistance from the body and shielded from the external electric field. The charge on the particle produces an information impulse. Then the impulse is amplified by a DC amplifier which will be described in *2.3, and transmitted with the carrier wave of 1680MHz to a self-tracking parabolic antenna on the ground.
The measuring cylinder has double inlet holes, in order to eliminate particles which rebound from the inner wall of the measuring cylinder. A metallic mesh is attached to the bottom of the Faraday cage and the measuring cylinder, in order to increase the shielding effect from the external electric force and to avoid the back flow of air from the bottom. The mechanical vibration becomes a source of irregular noises. Therefore the Faraday cage was solidly fixed to the measuring cylinder with solid polyester resin. The DC amplifier system was kept in a metallic box which was fixed to the outside of the metallic cylinder. The polyester insulator was further coated with paraffin, and the introducing portion of the leading wire between the Faraday cage and DC amplifier was sealed with a piece of Teflon. In order to minimize the error caused by ambient temperature change, the amplifier, the oscillator and the barometer were covered with pieces of Foam Styrol.
Electric circuit of DC amplifier
The electric circuit of the amplifier is shown in Fig. 2 . We adopted a negative feedback differential amplifier circuit with an operation amplifier IC which was steady still in the presence of fluctuations in temperature and voltage of electric source. As the first step of the amplifier, we adopted twin FET of MOS type which has a high resistance and uniform characteristics.
As a result the error was only 1% for the temperature change from + 16* to -15* and 1% for the voltage change of 3 volts respectively.
Finally it became possible to measure the charge of 10-1*10-2esu (1esu=1/3*10-9C) on individual precipitation particles. water surface (H) at 21h (JST) are given in Fig. 5 . It may be seen that the snow cloud was fairly thick, although air layers higher than 3.2km were not saturated with respect to water. 
Distinguishment from irregular noises
In spite of the precautions described above, sometimes irregular noises were recorded in the recorder on the ground. The noises were produced by the vibration of the electric charge sonde which was suspended by a balloon during ascent. However the wave form of irregular noises was different from that of information pulses as shown in Fig. 3 . Therefore the noise impulses were eliminated by checking the wave form in a cathode-ray tube in the analyzation process.
Result
The measurement of electric charge on snow particles in clouds was made on the campus of Hokkaido University in February and March in 1976. The location of the measurement site is indicated by a white circle mark in Fig. 4 . The clouds observed were mostly brought in by the north-west monsoon. They were already glaciated and frequently produced graupel-fall, however their cloud tops were usually lower than 4km except in the case of a cyclone.
3.1
Snow clouds of Feb. 19, 1976 In the evening of Feb. 19, Sapporo area was covered by snowfall which included graupel-fall.
The vertical distributions of air temperature (T) and humidity with respect to The first electric charge sonde was released at 17h14m in the evening. The result obtained is shown in the upper graph of Fig. 6 . The horizontal axis shows the space charge density in esu m-3 (1/3*10-9Cm-3) due to electrified precipitation particles at an interval of 100m height, and the vertical axis, the height above ground surface in km. The type of snow particles observed on the ground is given in the right end of the figure together with the roughly estimated air temperature and the height of the cloud base. The electric charge on individual snow particles and the surface electric field are given in the lower graphs in Although the data of precipitation charge after 17h12m m were defective, it is presumed that negatively charged particles were predominant still after 17h10m, holding the mirror image relation.
About one hour after the first sounding, heavy graupel-fall suddenly occurred at 18h
17m. So the second sounding was made. As seen in the lower graph sof Fig. 7 3.2 Snow clouds on March 1, 1976 A light snowfall was brought by the northwest monsoon in the Ishikari Plain from the sea in the evening of March 1. As seen in the vertical profiles of air temperature and humidity in Fig. 9 , a distinct temperature inversion and a rapid decrease of humidity with an increase in height existed at a height of 2km.
This height is considered to correspond to the height of cloud top.
A radar echo picture was taken at nearly the same time as the radiosonde sounding time. The isopleth of echo intensity is shown in Fig. 10 . A bold white arrow in the figure indicates the horizontal trajectory of the radiosonde. The location of the end of the arrow corresponds to 20h30m when the echo picture was taken.
It may be seen that the snow clouds which the soudes penetrated were fairly homogeneous horizontally.
Fortunately the sounding time of an electric charge sonde in the evening exactly coincided with that of the radiosonde.
Therefore the profiles well represent the air temperature and humidity of the snow cloud which was observed by the electric charge sonde. The results of the electric charge sonde sounding are shown in Fig. 11 . The following three points are noticed in the figure. 1) All precipitation particles observed in the cloud were negatively charged without exception. 2) Almost all snow particles observed on the ground were negatively charged as contrasted in common against those aloft.
3) The polarity of the surface electric field was steadily positive in the period around the sounding time, although its magnitude was not large. Taking into account the stratiform pattern of the cloud as shown in Fig. 10 and the steady positive electric field on the ground, it may be said that the vertical distribution of precipitation charge given in Fig. 11 represents those of the snow cloud which the charge sonde penetrated.
Finally it was considered that the steady stratiform cloud was wholely composed of negatively charged snow crystals, and that they fell on the ground without any remarkable modification, forming a weak positive electric field on the ground. The authors think that the electrical structure as shown in Fig. 11 represents the electrical structure of stratiform portions of general snow clouds.
The magnitude of charge on individual precipitation particles observed on the ground reached 1*10-1esu
(1/3*10-9-C). This value is considerably high as unrimed snow crystals. Such a high value may be attained because the snow crystals of the same polarity were aggregated to form snowflakes.
Snow clouds on March 3, 1976
The snowfall in the evening of March 3 was transported in by the weak north-west monsoon. Snow clouds were of fairly high tops and had a complicated vertical structure, as surmised from the vertical profile of humidity in Fig. 12 . As seen in the lower pictures of Fig. 13 , positively charged particles (perhaps graupel pellets) began to fall from 15h45m, and were followed by a strong negative field on the ground.
From 16h10m negatively charged snowflakes began to fall. Corresponding to this, the negative field began to increase, and its value reached +700Vm-1 at 16h20m. However the cloud observed at about this time was not electrically active, as seen in the upper picture of Fig. 13 , although the cloud height reached 8km. The negatively charged snowflaks observed around the sounding time on the ground may correspond to the negative particles which are distributed in cloud layers below 3km in height.
Snow clouds on March 19, 1976
The snowfall in the morning of March 19 was brought in by the west wind behind a cyclone. The cloud height is considered to have reached 3.5km, as conjectured from the height of temperature inversion and rapid decrease in humidity in Fig. 14. As seen in Fig. 15 , the time of electric charge sonde sounding coincided with that of the negative peak of surface electric field. understand, however in other cases it is very complicated and difficult to understand. Prior to the discussion, the following considerations were taken in.
1) The snow particles measured aloft were fairly large, e. g. greater than 0.5mm in diameter. It is, therefore, considered that they are not suspended in certain levels in clouds but eventually fall on the ground. 2) If precipitation particles are electrified to a polarity, the space charge of the opposite polarity and the same magnitude must be carried by non-precipitable particles, e. g. ions or lighter particles, e. g. unrimed ice crystals.
In the present observation, however we measured only the charge on precipitable particles, the magnitude of which was larger than 1*10-2 esu both in clouds and on the ground. Magono and Orikasa (1966) reported a case in which negatively charged snow crystals continued to fall for a long period under steadily positive fields on the ground. Such conditions, although they existed for a short period, were confirmed by other researchers, Nakaya (1954) , Isono et al. (1966) and Kikuchi (1973) . The electrical structure of a stratiform snow cloud on March 1, (Fig. 11) well corresponds to that reported by Magono and Orikasa. In this case the snow particles in the cloud were all negatively charged both aloft and on the ground, and it is very easy to discuss the formation process of the electrical structure.
In the case described above, the snow crystals were negatively electrified in the cloud by some mechanisms, leaving a space charge of positive polarity, then they fell to the ground, forming positive fields on the ground. The magnitude of electric charge on individual carriers of the positive charge must be so small that they can not be measured by the electric charge sonde. Perhaps the carriers were mostly positive ions (non-percipitable charged airborn particles), because no positive particles were detected by the electric charge sonde. Since negatively charged particles fell downwards, leaving the positive space charge aloft, a vertical charge distribution of positive polarity was thus formed. Such distributions well agree with the positive polarity in the stratiform portion of snow clouds which were reported in the previous paper (1983) .
Regarding the electrification mechanism of unrimed snow crystals, many laboratory experiments were carried out uptodate, for example, Findeisen (1940) , Findeisen and Findeisen (1943) , Kumm (1951) , Berg and Gaukler (1969) , Magono and Iwabuchi (1972) , Takahashi (1973) and Endoh (1978) . All the experiments except for Magono and Iwabuchi show that the ice crystal was positively charged during its growing stage and negatively charged, during its evaporating stage. But the negative electrifiecation of snow crystals in clouds as illustrated in Fig. 11 can not be explained by the results of the laboratory experiments, because it is difficult to consider that all the snow crystals in the cloud were all in their evaporating stage for a long time in a water saturated condition as seen in Fig. 9 . Only the cloud layers lower than the height of 800m were not saturated with respect to the water surface.
If the negative electrification of snow crystals occurred by the evaporation, it would be in this lower region; lower than 800m in height. The snow crystals measured in this unsaturated region were certainly charged negatively, however the grade of negative electrification was much smaller than in the upper saturated layer.
Regarding the contradiction between the results of laboratory experiments and that of the present observation of natural snow crystals, the authors think that the natural snow crystals were negatively charged in clouds by certain mechanisms which were not taken into account in the laboratory experiments, for example, Wilson's selective ion capture process (1929) or the ion diffusion process (Gunn, 1955) . In other words, snow crystals in the stratiform clouds are charged negatively with capturing selectively negative ions by the effect of electrostatic induction under a positive field which was already formed in cloudless condition, or charged negatively by the excess of mobility of negative ions over positive ions in clouds. It is of course necessary to conduct some quantitative calculations, in order to emphasize our thinking, although the results of the simulation by Tzur and Levin (1981) show that the charging by the ion capture does not significantly contribute to the electrical development of clouds.
As described previously, when snow crystals are negatively electrified in a layer of cloud, positive ions are accumulated in that level or in the upper levels. And when the negatively charged snow crystals fall downward, leaving the positive space charge due to the positive ions, and dissipate to the ground, a positive electric field will be formed on the ground.
Postive electrification of graupel pellets
The electrical structure of a snow cloud observed at 18h21m on March 1 (Fig. 7 ) provides us with a good example for understanding the positive electrification of graupel pellets. As described in *3, the precipitation began with the fall of positively charged graupel pellets, then it was replaced by the fall of negatively charged snow crystals. Corresponding to this time change, a layer of negative snow crystals surely existed aloft below the cloud base. This fact suggests that the graupel pellets were charged positively by an interaction with the snow crystals, and that the fall of snow crystals was later than that of graupel pellets because the falling speed of snow crystals was lower than the graupel pellets. It is presumed that the snow crystals were unrimed within the cloud, however they became rimed during their fall near the cloud base.
According to the results of laboratory experiments by Magono and Takahashi (1963a and b) and Takahashi (1978) , in a fairly warm temperature range, e. g. warmer than -10*, graupel pellets in the growing stage are charged positively by colliding with neighbouring snow crystals.
The electrical structure in Fig. 7 will be understood by considering this mechanism. That is, the growing graupel pellets were charged positively by colliding with unrimed scow crystals in cloud layers of temperatures of about -10* (1000m height), and they fell to the ground, leaving negatively charged snow crystals aloft. Later negatively charged snow crystals arrived at the ground.
Once a negative field is established in or below the cloud base as a result of lowering the positively charged graupel pellets, this would further be strengthened by the so-called induction process. It is, however, noted that the induction process amplifies the preceding field but does not play a part to reverse the polarity of the electric field.
The mechanism of positive electrification of graupel pellets described above was already suggested in the previous paper (1983) . This mechanism was now confirmed by the present observation, utilizing electric charge sondes. It is, however, noted that positive peak of surface electric field as reported in the previous paper was not observed this time, prior to the positive graupel-fall as seen in Fig. 7 but high negative fields were predominant during the fall of positive graupel pellets. Regarding this contradiction, the authors think that the positive peak of surface electric field accompanied by the approaching positive graupel pellets to the ground was a short lasting phenomenon even if it existed near the coast, thus it had already disappeared when the graupel forming cloud arrived at the inland observation site, as described in the previous paper.
Since it had generally accepted that the graupel pellets are charged negatively in thunderclouds, the existence of positively charged graupel was not noted until a recent date. However it was confirmed both by the previous and present observations that a group of positively charged graupel pellets frequently exist in the cloud layers warmer than about -10* temperature. Recently Tzur and Levin (1981) conducted simulation experiments for the electrical structure of clouds.
As a result, they succeeded in producing a positive space charge in a temperature region of about -8*, 2600sec after the formation of a cloud, although the charging mechanisms they adopted are different from that of the present authors. Ogawa and Sakaguchi (1983) also obtained a positive packet, charge at about -5* level by theoretically analyzing the data of winter minor shower clouds which were obtained by Tamura. On the other hand, Brook et al. (1982) presented a table for the height of discharged charges in winter thunderstorms in Hokuriku, Japan. One of them shows that a positive local charge at about -8* level was discharged to the ground. Accordingly the present authors consider that the existence of local positive space charge carried by graupel pellets in cloud layer warmer than about -10* , is generally accepted however its the formation mechanism is entirely different from the so-called pocket charge which was found by Simpson and Scrase (1937) .
Local groups of positive and negative charges near cloud base
The surface electric field frequently oscillates between positive and negative during a snowfall. Magono and Orikasa (1966) found that such rapid changes well correspond to the changes of snow crystal types, and concluded that the rapid changes were brought about by local positive and negative charges which were carried by precipitation charges immediately overhead.
In the present observation also, the authors confirmed many examples which showed the groups of local positive and negative charges carried by precipitation particles above and below the cloud base, as seen in Figs. 6, 13, 15 and 16. The authors are of the opinion that the local groups were produced by the interaction of precipitation particles of different types of precipitation, e. g. rimed and unrimed snow crystals.
As described in *3.3, it appeared in the case of Fig. 15 that the vertical distribution of precipitation charges aloft did not directly correspond to the time variation of precipitation charges on the ground. This is, however considered to be caused by rapid and local change of precipitation charge of immediately overhead.
From the vertical distribution of precipitation charge aloft, a time cross section of vertical precipitation aspect is assumed to be as shown in the upper picture of Fig. 17 . It is composed of declined positive and negative bands. The dotted line in the figure indicates the time of electric charge sonde sounding. And the time variation of precipi- 
Conclusion
The electric charge on individual precipitation particles in snow clouds was directly measured by the use of electric charge sondes. As a result, the following conclusions were obtained.
1) The positive polarity of the vertical distribution of space charges in the stratiform portion of snow clouds is resultant effect brought by the negative charging of unrimed snow crystals, possibly due to selective negative ion capture. In this case positive ions or lighter ice particles are transported to the top of the clouds by the updraft.
2) The strong positive space charge in the lower portion of the clouds or below the cloud base was carried by positively charged graupel pellets which were charged by colliding with neighbouring snow crystals at about a -10* temperature region.
3) The local groups of positive and negative particles were eventually observed near the cloud base. And they corresponded to the rapid charges in surface field. It is a doubtless observational fact that unrimed snow crystals both in clouds and on the ground are mostly negatively charged regardless of the coexistence of graupel pellets. However its charging mechanism is not fully explained by the result of laboratory experiment. It is, therefore, hoped that the experiments will be made in a condition which is more similar to that of natural clouds.
